Abstract Proton magnetic resonance spectroscopy ( 1 H MRS) has been applied to numerous clinical studies, especially for neurological disorders. This technique can noninvasively evaluate brain metabolites and neurochemicals in selected brain regions and is particularly useful for assessing neuroinflammatory disorders. Neurometabolites assessed with MRS include the neuronal markers N-acetylaspartate (NAA) and glutamate (Glu), as well as the glial marker myo-inositol (MI). Therefore, the concentrations of these metabolites typically correspond to disease severity and often correlate well with clinical variables in the various brain disorders. Neuroinflammation with activated astrocytes and microglia in brain disorders are often associated with elevated MI, and to a lesser extent elevated total creatine (tCr) and choline containing compounds (Cho), which are found in higher concentrations in glia than neurons, while neuronal injury is indicated by lower than normal levels of NAA and Glu. This review summarizes the neurometabolite abnormalities found in MRS studies performed in patients with neuroinflammatory disorders or neuropathic pain, which also may be associated with neuroinflammation. These brain disorders include multiple sclerosis, neuroviral infections (including Human Immunodeficiency virus and Hepatitis C), degenerative brain disorders (including Alzheimer's disease and Parkinson's disease), stimulant abuse (including methamphetamine and cocaine) as well as several chronic pain syndromes.
Introduction
Magnetic resonance spectroscopy (MRS) is a non-invasive analytical technique that can measure metabolite concentrations in tissues and in living persons without using ionizing radiation. Both phosphorus ( 31 P) and proton ( 1 H) MRS have been used to study changes in brain metabolite levels associated with neuroinflammation and neurodegenerative diseases, but 1 H MRS is used in the clinical setting and in the overwhelming majority of clinical studies. While 31 P MRS provides measurements of energy metabolites, 1 H MRS accurately measures the levels of brain metabolites that reflect neuronal and glial density. This review will focus only on studies that used 1 H MRS. Figure 1 shows typical proton spectra obtained from the anterior cingulate cortex (ACC) and from the frontal white matter, in a healthy adult. Of note, proton spectra show a prominent resonance of water (at 4.7 ppm) that is 100,000 times higher than the resonance signals of the brain metabolites; the water resonance has to be suppressed to enable evaluation of metabolites of interest. The spectral peak at 2.02 ppm associated with N-acetyl-aspartate (NAA) and NAA-glutamyl (NAAG) is widely used as a marker of neuronal density since NAA is found within mature neurons, while the resonance peak for myo-inositol (MI at 3.56 ppm) is a putative glial marker since it is primarily present in glial cells. The peak for choline compounds (Cho at 3.2 ppm) includes soluble choline-containing compounds and is a marker for cell membrane metabolism and cellular turnover. Cho is found in higher concentration in the white matter than in gray matter, such as that shown in the ACC (see Fig. 1 ). The total creatine (tCr at 3.0 ppm) resonance peak includes proton resonances from creatine and phosphocreatine, which reflects the levels of cellular energy metabolites, and is thought to be relatively stable and hence is often used as a reference marker in MRS studies. However, both Cho and tCr are two to three fold higher concentrations in glial cells than in neurons (Brand et al. 1993) , and may be elevated in conditions of neuroinflammation. Other neurochemicals, such as glutamate (Glu), glutamine (Gln), Glu+ Gln (Glx), gama-aminobutyric acid (GABA) and glutathione (GSH) can also be assessed, but typically require specialized editing techniques due to the overlapping resonances of Glu and Gln, as well as the overlap of the cysteinyl moiety of the GSH molecule (at 2.95 ppm) with the higher-concentration creatine resonance at 3.02 ppm. These special techniques will be discussed below in the application of 1 H MRS to evaluate changes in brain glutamate levels in neuroinflammatory conditions.
MRS is one of the few techniques that can assess the chemical composition of the brain in living individuals and can be used as a biomarker to evaluate neuroinflammation or to monitor treatment effects. Metabolite concentrations measured by MRS are often reported as metabolite ratios using tCr or Cho as reference chemicals. However, both tCr and Cho can change in disease states (Chang et al. 2002) and with age (Chang et al. 1996) which may lead to misinterpretation of spectral data that rely on metabolite ratios (Jansen et al. 2006) . Therefore, absolute quantification of metabolites by MRS is necessary. In addition, correction of the partial volume of cerebral spinal fluid (CSF) , which does not contain major brain metabolites, should be performed when the volumes of interest (or voxels) include sulci in the brain tissue, which may be variable across subjects. Furthermore, since the metabolite concentrations are different between gray and white matter, correction for the variable proportions of gray and white matter within each voxel will yield more accurate measurements of the metabolite levels.
Proton MRS can non-invasively evaluate neuronal integrity and glial content. Neuronal injury or loss is reflected by decreased NAA concentration, while inflammation in the brain leads to glial activation and subsequent elevated MI level on MRS. Myo-inositol functions as an osmolyte that maintains glial cell volumes; hence, activated glia with enlarged cell volumes tends to have elevated MI. Inflammatory mediators released by activated glia may be neurotoxic; therefore, in addition to elevated MI, the neuronal marker NAA may be reduced, reflecting neuronal injury, dysfunction or neuronal loss. We will review MRS findings in several categories of brain disorders that have associated neuroinflammation, such as the well documented neuroinflammatory diseases (e.g., multiple sclerosis, infection with human immunodeficiency virus (HIV) or other viral infections of the brain), neurodegenerative disorders (e.g., Alzheimer's disease, frontotemporal dementia, Parkinson's disease), stimulant abuse and neuroinflammation associated with neuropathic pain.
MRS studies in patients with multiple sclerosis (MS)
MS affects more than 350,000 people in the United States and 2.5 million worldwide. MS is the prototypical autoimmune disorder of the central nervous system, in which neuroinflammation plays a major role in the pathophysiological processes, including demyelination and subsequent neuronal and axonal damage. Therefore, it is not surprising that the glial markers (MI, Cho and tCr) are often elevated in patients with MS (Table 1) . Since MI is primarily localized in glia, activated glia show elevated MI, which has been observed in almost all studies of MS patients. Elevated MI (or MI/tCr, MI/NAA, MI/Cho) were found in the corpus callosum and in normal appearing white matter (NAWM), even in patients with relapsing remitting (RR) MS without recent relapses (Kirov et al. 2009) , and also in patients with primary progressive and secondary progressive MS (Bagory et al. 2011) . One large study of 96 patients with clinically isolated syndrome (CIS) also found elevated MI in the posterior parietal white matter within 6 months of the CIS Fig. 1 Representative MR spectra from the frontal gray matter (anterior cingulate cortex or ACC) and the frontal white matter (bottom) from a healthy volunteer. Note the relatively higher Choline peak in the frontal white matter compared to that in the ACC onset, and especially if they had abnormal brain MRI at baseline (Fernando et al. 2004 ). These CIS patients showed elevated MI regardless whether they met McDonald criteria at their 3 months follow-up (Fernando et al. 2004 ). One study of MS patients with contrast-enhancing (active) lesions also found elevated MI (Srinivasan et al. 2005) ; however, MI was decreased in an acute tumefactive MS lesion, and became elevated only during recovery (Ernst et al. 1998) (Fig. 2) . Overall, the elevated MI reflects gliosis and ongoing neuroinflammation and is most prominent in the secondary progressive MS patients (Geurts et al. 2006) . Elevated MI also correlated with total brain T2 lesion load in the thalamus and hippocampus of MS patients (Geurts et al. 2006) .
Although Cho is also higher in glial cells, it is found in cell membranes of all brain cells, and may only be slightly elevated in patients with MS (Vrenken et al. 2005) . Except for patients with CIS and in gray matter regions of MS patients, all other subtypes of MS show elevated Cho or Cho/tCr in the NAWM and in the lesions, especially in acute demyelinating lesions. In patients with RR MS, both Cho and tCr may be elevated diffusely in NAWM (Inglese et al. 2003) . However, in MS patients with normal appearing MRI scans (i.e., no active disease), Cho was found to be normal (Vrenken et al. 2005) or even decreased in the normal appearing white matter (NAWM) (Gustafsson et al. 2007) . Therefore, Cho elevation may also be a useful predictive marker of active disease in the brain of MS patients.
Similar to the brain, the spinal cord of patients with relapsing remitting MS also showed decreased NAA/tCr and increased MI/tCr (Marliani et al. 2010) , suggesting neuronal loss and glial activation, but the interpretation of metabolite ratios is difficult since these abnormal findings might be related to elevated tCr also. However, the concentrations of these glial markers may be useful objective biomarkers for functional disabilities since levels of MI (Ciccarelli et al. Fig. 2 Representative MR spectra and MRIs showing the voxel locations of the spectra from the brains of patients with various neuroinflammatory disorders, including multiple sclerosis, Alzheimer's disease, HIV-infection, methamphetamine dependence, and a chronic pain syndrome (painful neuropathy). All of these disorders demonstrate elevated glial markers, especially myo-inositol (MI) and less often choline-containing compounds (Cho) and total creatine (tCr). In addition, the neuronal markers, N-acetylaspartate (NAA) and glutamate (Glu), may be decreased also which may be related directly to the disorder, but also may be exacerbated by neuroinflammation 2007; Gustafsson et al. 2007 ), Cho (Ciccarelli et al. 2007 ) and tCr (Ciccarelli et al. 2007) , correlated with scores on the Expanded Disability Status Scale (EDSS). These correlations support the notion that neuroinflammation, particularly glial activation, contributes to brain dysfunction as identified through the EDSS.
Depending on the extent of the neuronal damage, NAA levels may be normal in MS patients with primarily demyelination, despite changes in the other metabolites (Bagory et al. 2011) . However, some of the neurochemical changes may occur regionally and may not be detected easily with localized MRS if the affected brain region was not assessed. Using whole brain measurements, NAA levels were shown to decrease significantly in patients with remitting relapsing MS (Rigotti et al. 2012) . Decreased white matter NAA levels represent neuronal (or axonal) dysfunction, which may lessen with treatment (Kirov et al. 2013) .
Another neuronal metabolite that might be altered in MS is glutamate since the majority of the neurons are glutamatergic. Studies using a special MRS sequence (i.e., echo-timeaveraged Point Resolved Spectroscopy or TE-averaged PRESS) found elevated levels of glutamate only in acute lesions and normal-appearing white matter, but not in chronic lesions; conversely, NAA was lower in chronic lesions than in acute lesions and normal-appearing white matter (Srinivasan et al. 2005) . Therefore, altered glutamatergic metabolism is present in patients with MS and may precede reduction in NAA. Furthermore, recent advances in diffusion tensor spectroscopy (DTS) conducted on higher magnetic field (7 T) showed lower axial diffusion of NAA, which suggests axonal injury (Wood et al. 2012) . Together with proton MRS, DTS may provide new approaches to distinguish axonopathy from other processes such as inflammation, edema, demyelination and gliosis.
MRS studies of neuroviral infections
MRS has been applied to study various neuroinfections, but only the two more common viral infections (HIV and HCV) and two opportunistic viral infections (JC virus and CMV) will be discussed below. Table 2 summarizes the neurometabolite abnormalities associated with these neuroviral infections.
Human immunodeficiency virus (HIV)
Since the AIDS epidemic began in 1981, nearly 30 million people have died of AIDS-related causes worldwide. Approximately 34 million people are currently living with HIV, with an estimated 1.2 million infected in the U.S. Similar to MS, neuroinflammation is a neuropathological hallmark of HIV-infection. The virus enters the brain early during the infection and develops viral reservoirs in the brain, while reactive glial activation along with ongoing viral activity propagates the neuroinflammatory processes. MRS has been applied to evaluate brain inflammation and neuronal injury in HIV patients since the 1980's; see Review (Chang et al. 2012) . Similar to MS patients with acute demyelination or active disease, acutely infected HIV patients (averaged 15 days post exposure) already showed elevated ratio of Cho/tCr in the occipital gray matter along with elevated CSF neopterin, a neuroinflammatory protein indicative of macrophage activation (Valcour et al. 2012) . Elevated Cho also may reflect cell membrane injury. In longitudinal studies of acutely infected HIV patients, Cho and Cho/ tCr or Cho/NAA ratios were found to be lower than those in seronegative controls initially, but may increase or normalize with treatment, and the Cho levels may remain elevated or become higher than normal after 3-6 months of ARV treatment (Chang et al. 2004a; Lentz et al. 2011) . Similarly, the glial marker MI (or MI/tCr), along with Cho (or Cho/tCr), were typically elevated in chronically HIV-infected individuals, especially in frontal gray or white matter, and basal ganglia regions (Chang et al. 2004b; Harezlak et al. 2011; Letendre et al. 2011) . In antiretroviral naïve HIV-infected individuals, plasma and CSF viral loads typically correlated with these glial markers (MI, Cho) (Chang et al. 2002) ; however, these correlations are seldom found in those well maintained on stable combination antiretroviral therapy since the majority of these HIV infected individuals would have undetectable viral loads. Furthermore, in HIV patients effectively viral suppressed with highly active antiretroviral treatment (HAART), the initially elevated Cho and MI (Fig. 2) typically normalize approximately 6 months after treatment, suggesting lesser neuroinflammation (Chang et al. 1999c; Tarasow et al. 2004) .
Neuronal injury associated with HIV brain infection may lead to lower levels of NAA or NAA/tCr. Lower NAA was found primarily in the frontal white matter and basal ganglia of chronically infected HIV patients, and only in those with more severe HIV-associated dementia (Chang et al. 1999b; Chang et al. 2004b ). However, more recent studies of antiretroviral stable HIV patients who had been infected for longer durations found reduced NAA in the white matter (Schweinsburg et al. 2005; Chang et al. 2006) or in the basal ganglia (Mohamed et al. 2010) , even in those with milder forms of HIV-associated neurocognitive disorders (HAND). Lower NAA/tCr was also found in those chronically infected with only mild cognitive problems, with AIDS dementia complex stage 0.5 (Harezlak et al. 2011 ), see also Fig. 2 . One study showed improvements in the NAA/tCr ratios after neuroprotective treatment with memantine (Schifitto et al. 2007) ; the increased ratio of NAA/tCr after treatment may reflect reversible neuronal injury or it may in fact be due to normalization of the initially elevated tCr associated with the lesser neuroinflammation or glial activation. Also similar to MS, brain glutamate levels may be altered in HIV-infected individuals with early stages of neuronal injury. HIV-infected individuals, especially those with milder forms of HAND, had normal NAA but lower levels of parietal and frontal gray matter glutamate or lower glutamate+glutamine (Glx) in the frontal gray matter (Chang et al. 2002) and frontal white matter (Mohamed et al. 2010) , and these individuals typically also had higher levels of the glial marker MI. Similarly, a multicenter study also found decreased Glx/tCr with normal NAA/tCr in the frontal white matter of neuroasymptomatic HIV patients (Harezlak et al. 2011 ); these findings likely reflect lower Glx and higher tCr. Lower levels of Glu or Glx, along with elevated MI and tCr, indicate that neuroinflammation likely contributed to the excitotoxic glutamatergic injury, since activated glia may be unable to reuptake the released glutamate from the extracellular space Mohamed et al. 2010) . The lower brain glutamate levels were also associated with greater number of nucleoside reverse transcriptase inhibitors (NRTIs) used ) and poorer cognitive performance in the HIV patients in all of these studies (Chang et al 2002; Mohamed et al. 2010) . These findings suggest that use of NRTIs may lead to greater neuroinflammation, which in turn may lead to cognitive deficits.
To further evaluate the relationships amongst cellular and soluble markers of inflammation and pathophysiological processes in the brains of HIV patients, several studies measured cytokine levels in relation to the MRS markers. In antiretroviral-naïve HIV patients, 3-months of highly active antiretroviral therapy (HAART) did not lead to significant changes in metabolites measured with MRS, despite marked improvement on systemic variables (CD4, viral load, macrophage chemotactic protein or MCP-1) and CSF variables (viral load, MCP-1) (Chang et al. 2003) . However, CSF MCP-1, but not serum MCP-1, correlated inversely with the neuronal component before HAART and positively with the glial component after HAART (Chang et al. 2004a ). These findings suggest that HAART led to persistent activation of glia (with persistent elevation of MI in the brain) that might have been beneficial to the patients after 3 months. These findings are consistent with another study that found higher MCP-1in HIV patients with lower NAA/Cr in the FWM and parietal cortex, while interferon gamma-induced protein 10 (IP-10) correlated with lower neuronal pattern scores and higher basal ganglia and inflammatory pattern scores (Letendre et al. 2011 ). Another study of HIV patients during the first year of their infection found lower NAA and higher Cho levels that correlated with increased CD16+ monocytes (Lentz et al. 2011) , which belong to the monocyte subset that traverses the blood brain barrier to disseminate HIV in the brain (Williams et al. 2012) . Similarly, lower NAA in the frontal cortex correlated with higher CD8+ T cells, specifically effector T cells (Lentz et al. 2009 ), which are neurotoxic during HIV-infection and are thought to contribute to HIV-related neurodegeneration (Liu et al. 2009 ). These studies demonstrate that MRS markers are useful for monitoring treatment effects and can be used to non-invasively assess how both central and peripheral inflammatory mediators might impact the brain.
Hepatitis C virus (HCV) infection
HCV is more prevalent than HIV, with an estimate of 3 % (170 million) of the world's population and approximately 2.7 million Americans being chronically infected with the virus. HCV often co-infects those with HIV infection since the route of transmission is similar in the high risk population (i.e., high risk sexual behavior and illegal drug use). Up to 50 % of HCV infected patients have symptoms of fatigue, depression and variable degrees of cognitive deficits, affecting attention, learning and memory, that are independent of the viral load or clearance of the virus after antiretroviral treatment (Pattullo et al. 2011) . Post-mortem studies of patients with HCV indicate that the brain might act as a separate compartment for viral replication, and microglia may be the locus for infection and subsequent neuroinflammatory activity (Forton et al. 2004 ). Individuals infected with HCV indeed showed evidence of neuroinflammation on MRS, such as elevated Cho/tCr in the basal ganglia and white matter compared to healthy controls and to those with hepatitis B, and these cerebral metabolite abnormalities were independent of hepatic encephalopathy or a history of intravenous drug abuse (Forton et al. 2001) . Microglia activation was also demonstrated on positron emission tomography (PET) imaging with increased uptake of (11) C-(R)-PK11195 tracer in the caudate and thalamus, especially in those with HCV genotype-1 infection (Grover et al. 2012) . The same individuals who had the elevated microglial marker radiotracer uptake also showed elevated MRS glial markers MI/tCr and Cho/tCr in the basal ganglia (Grover et al. 2012) , which further confirmed that these makers are related to neuroinflammation with microglial activation. Similar to studies in patients with HIV, HCV patients who had higher levels of the glial marker MI/tCr also showed more cognitive deficits, such as slower working memory reaction times (Forton et al. 2008) . HCV infected patients also showed elevated Cho/tCr in the BG (Forton et al. 2002; Grover et al. 2012 ) and in the white matter (Forton et al. 2002) , indicating presence of glial activation in these brain regions. In a one-year follow-up study, those who responded to antiretroviral treatments and had viral clearance showed further elevation of Cho/tCr that did not correlate with improvement in cognitive function (Pattullo et al. 2011 ).
However, the increased Cho/tCr may be due to either further elevation of Cho from glial activation and/or acute cell membrane injury, or to reduced tCr which would reflect decreased inflammation. Again, changes in metabolite ratios are often difficult to interpret.
Several studies found lower NAA/tCr in the basal ganglia (Grover et al. 2012 ) and lower NAA in the centrum semiovale (McAndrews et al. 2005 ) of patients with HCV infection, which suggested neuronal injury or loss in these brain regions. The lower NAA/tCr was also found in the occipito-parietal cortical region of HCV patients with no signs of liver disease, but had neuropsychiatric symptoms, such as fatigue, depression, anxiety and cognitive deficits (Weissenborn et al. 2004 ). Therefore, HCV may lead to brain injury or neuroinflammation independent of the liver. In contrast, higher than normal NAA concentrations, along with elevated Cho and tCr, were observed in the basal ganglia of patients with HCV, which indicate ongoing neuroinflammation such as glial activation and macrophage infiltration (Bokemeyer et al. 2011 ). The investigators also found an inverse correlation between fatigue and the brain metabolites, suggesting that the neuroinflammation may be a compensatory response. Two studies evaluated individuals with HIV and HCV co-infection; one study found only a trend for further elevation of MI/tCr in the basal ganglia (Garvey et al. 2012 ) and the other study found lower NAA/tCr in the ACC of those who were co-infected (Bladowska et al. 2013 ). The variable findings across studies may be due to differences in the subject characteristics (e.g., age, sex, disease severity) and the relatively small sample size in some of the studies.
After treatment with pegylated interferon/ribavirin, the MRS glial marker ratios (MI/tCr and Cho/tCr) in the basal ganglia decreased more in the virological responders compared to the non-responders or relapsers, indicative of reduced viral infection and neuroinflammation after effective response to the treatment (Byrnes et al. 2012) . Furthermore, the responders showed significant improvements in verbal learning, memory, and visuo-spatial memory, highlighting the beneficial effects of eradicating HCV in the brain to prevent ongoing neuroinflammation and cognitive impairment (Byrnes et al. 2012) .
MRS in opportunistic brain lesions (Table 2)
Specific neurochemical profiles of the metabolites measured on MRS may be used to differentiate brain lesions due to toxoplasmic abscesses, progressive multifocal leukoencephalopathy (PML), CNS lymphoma and cryptococommas (Chang et al. 1995) . PML is often a fatal demyelinating brain disease caused by the JC virus and remains to be a significant opportunistic infection in patients infected with HIV, as well as those who receive immunosuppressive therapy such as the humanized monoclonal antibody therapy for autoimmune inflammatory diseases (e.g., MS and Crohn's disease). Several MRS studies of PML patients found characteristic metabolite profiles, with lower NAA levels, higher glial metabolites (MI, Cho, tCr) and lipid levels, as well as presence of lactate, in acute demyelinating white matter lesions relative to contralateral normal appearing white matter and to healthy controls (Chang et al. 1997a; Iranzo et al. 1999; Yoon et al. 2007 ). These neurometabolite abnormalities are consistent with neuropathology that found neuronal loss, cell membrane and myelin breakdown, and increased glial activity in PML lesions. Some of these neurochemical profiles may change during disease progression or recovery. For instance, longitudinal follow up of PML patients showed progressive changes in the glial marker MI, which was highest in those with the longest survival (Chang et al. 1997a) . Other opportunistic viral infections of the brain, such as cytomegalovirus (CMV), may show similar cerebral metabolite abnormalities. One study found lower NAA and Cho levels in the parietal white matter, with slightly elevated glial marker MI, in the brains of children infected congenitally with CMV (van der Voorn et al. 2009).
Neurodegenerative diseases
The different primary neurodegenerative disorders each have characteristic clinical syndromes and pathological hallmarks; however, many of these disorders are associated with significant neuroinflammation. The typical neuroinflammatory processes in these disorders include microglial and astroglial activation, which indicate the brain's response to neurotoxic processes or to the neuronal degeneration associated with each of these diseases. However, the strong glial responses may become aberrant and further contribute to brain injury. MRS can assess both the glial response and the neuronal injury in these conditions, and may be useful for monitoring resolution of neuroinflammation during treatment. Table 3 shows the neurometabolite abnormalities found in patients with Alzheimer's disease, frontotemporal dementia and Parkinson's disease; some of the studies will be discussed below.
Alzheimer's disease (AD)
AD is the most common neurodegenerative disorder in the aging population, affecting 5.4 million Americans and another 10 million in the coming decade due to the aging "baby boomers". Although the etiology of AD is still unknown, numerous postmortem studies and structural brain imaging studies consistently documented specific neurodegenerative changes and patterns of brain atrophy in patients with AD. The neurodegenerative changes are partly due to (Klunk et al. 1992) . Therefore, in vivo MRS in AD patients likely provides good assessment of the severity of the neuropathology. Brain regions particularly vulnerable or affected include the posterior cingulate gyrus (PCG), along with the basal medial temporal limbic areas, inferior parietal lobule and the inferior temporal gyri (Brun and Englund 1981) . Hence, early studies of proton MRS of Alzheimer patients performed localized measurements in the parietal, typically PCG, or temporoparietal regions (Miller et al. 1993; Moats et al. 1994; Ernst et al. 1997) . Most MRS studies consistently demonstrated neuroinflammatory changes with elevated glial marker MI or MI/tCr and lower levels of neuronal marker NAA or NAA/tCr in patients with Alzheimer's disease, especially in the parietal regions (Moats et al. 1994; Ernst et al. 1997; Griffith et al. 2008a ), see Fig. 2 , but also in the temporoparietal region (Ernst et al. 1997; Rami et al. 2007) and in the hippocampus (Jessen et al. 2009 ) .
Patients with AD and those with mild cognitive impairment (MCI) both showed signs for neuronal dysfunction or loss with lower levels of NAA or NAA/tCr, as well as lower levels of tCr and Glu, in the PCG or in the temporoparietal cortex (Rami et al. 2007 ). The lower NAA or NAA/tCr in AD patients typically correlated with more advanced stages of dementia on the clinical dementia rating (CDR) (Ernst et al. 1997) , and poorer cognitive performance on the MiniMental State examinations (MMSE) (Frederick et al. 2004 ), on the clock drawing test (Griffith et al. 2007 ) and story recall test (Shinno et al. 2007) .
Signs for neuroinflammation with elevated MI or MI/tCr were consistently found in subjects with MCI, a precursor to AD (Griffith et al. 2007) , as well as in those with the clinical diagnosis of AD (Miller et al. 1993; Ernst et al. 1997; Rami et al. 2007 ). Furthermore, elevated scyllo-inositol (sI)/tCr was reported in the PCG of AD patients, both in those with mild AD and in those with amnestic MCI (Griffith et al. 2007 ). Similar to MI, sI is an inositol stereoisomer capable of binding Aβ42 and attenuating Aβ42 neurotoxicity (McLaurin et al. 2000) . Therefore, elevated MI or MI/tCr in AD patients also may reflect more than glial or microglial activation, possibly as a direct response to Aβ42 aggregates. Similar to the correlation between neuronal injury and decreased NAA or NAA/tCr, higher levels of MI, MI/tCr or sI/tCr correlated with more advance disease, as assessed by the CDR (Ernst et al. 1997) and by the clock drawing test (Griffith et al. 2007 ). AD patients with higher MI/tCr in the ACC also had more behavioral symptoms, including delusional thoughts and activity disturbances (Shinno et al. 2007) .
Furthermore, studies that used absolute quantification methods and carefully chosen voxel locations showed MRS to be useful for differential diagnoses between the different dementia syndromes. For example, patients with frontotemporal dementia showed significantly reduced NAA and Glx levels and markedly elevated glial marker MI in the frontal cortex, while patients with early AD showed relatively normal metabolites in the frontal region and only mildly elevated MI in the temporoparietal region (Ernst et al. 1997) . Furthermore, AD patients showed lower than normal levels of hippocampal Glu, Glu/tCr, Glu/mI and Glu/NAA, and lower NAA/tCr, as well as lower Glu/mI in AD compared to those with MCI (Rupsingh et al. 2011) . Therefore, similar to the lower brain glutamate levels in other neuroinflammatory disorders discussed above, decreased intracellular glutamate may result partly from neuroinflammation, and may be a sensitive early marker for brain injury.
Changes in NAA/tCr were used as a primary outcome measure to evaluate the efficacy of memantine in mildly demented AD patients (Ashford et al. 2011) . Another recent study evaluated brain metabolite changes after 4 months of treatment with galantamine, a cholinesterase inhibitor and allosteric potentiating ligand modulating presynaptic nicotinic acetylcholine receptors. The levels of Glu, Glu/Cr, and Glu/NAA all increased in the hippocampal region after the treatment with galantamine, and the increases correlated with improvements on the MMSE and on the ADAS-cog scores, although no significant changes in MMSE or ADAS-cog scores were detected in this small sample of AD patients (Penner et al. 2010) . Therefore, MRS may provide useful surrogate biomarkers to monitor treatment effects in AD.
Parkinson's disease (PD)
PD is estimated to affect seven to 10 million people worldwide, and is 1.5 times more prevalent in men than women. The etiology of sporadic PD also remains unknown; however, both the clinical syndrome and neuropathological studies demonstrated that the dopaminergic system is particularly vulnerable with loss of 50-80 % of nigra neurons in the symptomatic patients. Degenerating dopaminergic neurons show the pathognomonic Lewy bodies, which are intracytoplasmic filamentous inclusions containing abnormally ubiquinated alphasynuclein proteins (Tofaris et al. 2003) . These aberrantly aggregated proteins in turn activate microglia to release inflammatory cytokines and other products that further propagate the neuroinflammation (Mogi et al. 1994) , as well as the proinflammatory innate response (Zhang et al. 2005) . Therefore, MRS may be useful in detecting neurometabolite abnormalities that would reflect neuronal loss and neuroinflammation in the brains of PD patients. Table 3 shows the brain metabolite abnormalities reported in patients with PD.
Although the neuropathology of PD involves dopaminergic neurons, which have their cell bodies in the substantia nigra, not all the MRS studies evaluated this brain region. Two earlier small studies that evaluated the substantia nigra found lower tCr (O'Neill et al. 2002) and trends for lower Glu, NAA, and GSH, and higher Cho (Oz et al. 2006) in PD patients compared to controls. Other small studies that evaluated the posterior cingulate gyrus found either normal NAA/tCr (Griffith et al. 2008c) or lower NAA/tCr (Camicioli et al. 2004; Oz et al. 2006) , which correlated with dementia severity as assessed by the MMSE (Griffith et al. 2008b) . A more recent large study of PD patients with normal cognition (n=70) or mild cognitive impairment (n=66) found normal NAA/tCr levels in the substantia nigra and basal ganglia, but lower NAA/tCr in the occipital lobe (Nie et al. 2013 ). Another study of PD patients with normal cognitive function also found normal NAA/tCr but lower ratio of Glu/tCr in the posterior cingulate gyrus (Griffith et al. 2008c ). Using TE-averaged PRESS, which can provide more accurate assessment of Glx (mainly glutamate with minimal contributions of glutamine, NAA and GABA), the ratio of Glx/water was found to be comparable in the lentiform nuclei of PD patients and healthy controls (Kickler et al. 2007 ). This discrepancy between the two studies that evaluated Glu/tCr and Glx/water was likely due to the different brain regions assessed (PCG vs. lentiform nucleus) and the different sensitivities of the methods used for the measurements (PRESS vs. TE-averaged PRESS). The lower Glx/tCr in the first study may be due to either lower Glu or higher tCr, or both, reflecting greater than normal age-related changes, since Glu decreases and tCr increases with age (Chang et al. 2009 ). However, studies that evaluated tCr levels in PD patients actually found lower tCr in the substantia nigra (O'Neill et al. 2002 ) and a trend for lower tCr in the posterior cingulate gyrus (Kickler et al. 2007 ). These findings again highlight the difficulty of interpreting metabolite ratios, and that tCr may vary in disease conditions and should not be used as a reference metabolite. Using ultrahigh field MRS (at 7 T), PD patients with mild to moderate dementia showed elevated GABA levels, more so in the pons (+64 %) than in the putamen (+32 %), but no other neurometabolite abnormalities (Emir et al. 2012) . These findings are consistent with prior postmortem studies (Kish et al. 1986 ) and an animal model of PD (Chassain et al. 2010 ) that found elevated GABA in the striatum, suggesting the role of GABAergic regulation of non-dopaminergic neurons of the pons in the pathophysiology of PD.
Taken together, the majority of MRS studies in PD patients found signs for neuronal loss, primarily in brain regions other than the substantia nigra, especially in PD patients with more cognitive symptoms. These MRS studies also found minimal signs for neuroinflammation, since only lower tCr and trends for elevated Cho were observed. Despite the pathological findings of microglial activation in selected brain regions, none of the studies found abnormalities in the glial marker myo-inositol.
MRS in stimulant abusers
Stimulants, such as methamphetamine (Meth) or cocaine, can lead to oxidative stress, dysregulation of neurotrophic factors, excitotoxicity, and neuroinflammation in preclinical studies (Yamamoto et al. 2010) . Table 4 shows neurometabolite abnormalities reported in individuals who abused or were dependent on the various stimulants, including Meth, cocaine, "Ecstasy", and those with co-morbid conditions of HIVinfection and Meth abuse. Several MRS studies of Meth users indeed showed signs of neuroinflammation, with elevated glial markers of myo-inositol and Cho in frontal cortex or white matter (Ernst et al. 2000; Sung et al. 2007) (Fig. 2) . The neuronal marker NAA or NAA/tCr was often found to be reduced in various brain regions, including the anterior cingulate cortex (ACC), frontal white matter, basal ganglia and even the occipital cortex of Meth users (Ernst et al. 2000; Nordahl et al. 2002; Chang et al. 2005a) . Furthermore, the levels of NAA or NAA/tCr were typically lower in those who used greater cumulative amounts of Meth or shorter duration of abstinence (Ernst et al. 2000; Sung et al. 2007 ). However, individuals with sustained abstinence may show normalization of NAA/tCr in the ACC (Salo et al. 2011 ) but higher levels of Cho in the ACC and higher MI in the basal ganglia (Taylor et al. 2007 ). Another neuronal metabolite, glutamate plus glutamine (Glx), was also found to be decreased in Meth subjects during early abstinence, but Glx may normalize with sustained abstinence (Ernst and Chang 2008) . Taken together, these findings indicate significant neuroinflammation associated with chronic Meth use, especially during active usage of the drug, and that the neuronal injury or dysfunction associated with chronic Meth abuse may normalize but the neuroinflammatory changes may persist for some time after cessation of drug abuse.
Similarly, chronic cocaine abuse may lead to significant neuroinflammation in the brain. Chronic cocaine users showed elevated glial markers, MI and tCr, in the frontal white matter and those who used the drug longer or were female had even higher glial marker MI (Chang et al. 1997b; Chang et al. 1999d) . Although preclinical studies indicate that acute administration of cocaine is not neurotoxic, chronic cocaine users showed lower NAA in the frontal brain regions (Chang et al. 1999d; Meyerhoff et al. 1999) and thalamus (Li et al. 1999 ), suggesting neuronal injury or dysfunction which may be related to the ongoing neuroinflammation. On TE-averaged PRESS, cocaine users also showed lower than normal Glu/tCr in the prefrontal cortex that correlated with years of cocaine use (Yang et al. 2009 ). The lower Glu/tCr may reflect decreased reuptake of glutamate by activated glia, as well as elevated tCr concentrations that were observed in frontal lobes of cocaine users (Chang et al. 1997b; Chang et al. 1999d ).
Another commonly abused psychostimulant is 3,4-methylenedioxymethamphetamine (MDMA or "Ecstasy"). Chronic users of MDMA also showed elevated glial metabolites MI and MI/tCr levels in the frontal and parietal regions without evidence for neuronal injury (Chang et al. 1999a ). However, other investigators found lower ratios of NAA/tCr and NAA/Cho in the ACC that correlated with greater lifetime MDMA use (Reneman et al. 2002) and poorer performance on verbal memory (Reneman et al. 2001) , and suggested associated neuronal dysfunction. However, these lower ratios also may reflect neuroinflammation with elevated tCr and Cho instead.
Psychostimulants are commonly abused amongst HIVinfected individuals, and both stimulants and HIV may be associated with neuronal injury and neuroinflammatory changes. MRS of HIV-infected individuals who abused Meth indeed showed additive effects on the decreased neuronal maker NAA in ACC, frontal white matter and basal ganglia regions, decreased tCr in basal ganglia and elevated glial marker MI in the frontal white matter (Chang et al. 2005b) . However, another MRS study did not find such additive effects between Meth and HIV (Taylor et al. 2007) , which might be due to differences in subject characteristics (e.g., duration of Meth abstinence, viral burden or antiretroviral treatment status) between the two studies. No data are available on the additive or interactive effects of cocaine or MDMA with HIV on brain metabolites.
MRS in chronic pain syndromes
The perception of pain in the brain is mediated through the spinothalamic pathway and may be modulated by higher cortical brain regions, such as the ACC. Recent studies also indicate that chronic pain may be mediated or perpetuated by neuroinflammation, such as microglial activation and autoantibodies in those with chronic regional pain syndrome (CRPS) (Blaes et al. 2004; Alexander et al. 2007 ). Such neuroinflammation has been shown on PET, with increased uptake of the carbon-11(R)-PK11195 tracer, a marker of activated microglia, in the thalamus of chronic pain patients with limb denervation or spinal cord injury, including those who had the injuries many years earlier (Banati 2003) . However, this PET tracer is not readily available in the routine clinical setting. Therefore, objective biomarkers such as neurometabolites measured with MRS in the thalamus or the ACC may be more accessible for evaluating neuroinflammation associated with pain syndromes (Fig. 2) . Only a small number of studies have used MRS to evaluate chronic pain syndromes. Table 5 shows that patients with chronic pain from various etiologies (low back pain, CRPS, painful diabetic neuropathy, migraines, trigeminal neuralgia, spinal cord injury, fibromyalgia and temporomandibular disorder) commonly have elevated glial marker MI and/or lower levels of the neuronal metabolites, NAA or NAA/tCr and tCr, glutamate or Glx/MI. These metabolite alterations have been found in the thalamus, anterior cingulate cortex (ACC), dorsolateral prefrontal cortex (DLPFC) and the insula.
Earlier studies of chronic pain syndromes focused on evaluating neurometabolite abnormalities in the thalamus, and found that lower neuronal marker NAA and higher glial marker MI correlated with pain intensity in patients with spinal cord injury (Pattany et al. 2002) . These findings suggest that neuronal dysfunction of inhibitory neurons (decreased NAA), possibly as a result of deafferentation, and glial activation (elevated MI) in the thalamus may mediate neuropathic pain. Likewise, lower than normal levels of NAA were reported in the thalamus of patients with CRPS (Fukui et al. 2006 ) and diabetic patients with chronic neuropathic pain (Sorensen et al. 2008) . Lower than normal ratios of NAA/Cho and NAA/tCr in the thalamus were also found in patients with migraine with aura and in those with trigeminal neuralgia (Gu et al. 2008) . Therefore, reductions in NAA, and possibly elevated glial metabolites Cho and tCr, in the thalamus may play important roles in neuropathic pain.
More recent studies focused on the role of other cortical brain regions on the perception of pain; therefore, brain regions such as the ACC and the insula were evaluated. Elevated glial metabolites (MI, tCr and Cho) and lower neuronal metabolites (NAA and Glx) were found in the ACC of chronic pain patients with spinal cord injury, especially those with high psychosocial impact, suggesting neuroinflammation along with decreased glutamatergic metabolism (Widerstrom-Noga et al. 2013 ). However, others found elevated Glx/tCr in various brain regions of chronic pain patients with fibromyalgia (Harris et al. 2008; Harris and Clauw 2012) . Interestingly, glutamate levels also may vary depending on the pain severity or with treatment. For example, Glu and Gln levels in the ACC were elevated proportionately to the perceived pain after an acute painful stimulus in healthy individuals (Mullins et al. 2005) while decreased Glx/tCr levels in the insula also correlated with decreased pain response in patients with fibromyalgia who received acupuncture (Harris et al. 2008 ) and after treatment with pregabalin . Another small study of patients with temporomandibular disorder also found no difference in Glu but elevated Gln in the right insula in all patients; however, those with greater pain response to pressure-pain testing had lower levels of Gln (Gerstner et al. 2012 ). These altered Glu or Gln levels are consistent with preclinical models that implicate the role of glutamate in mediating chronic pain through central sensitization of both the inotropic and metabotropic glutamatergic receptors (Latremoliere and Woolf 2009) . Although Glu levels measured using MRS represent primarily the intracellular or neuronal compartment, it remains unclear whether the findings reflect the metabolic pool or the vesicular pool of Glu (for synaptic transmission), making the interpretation of the altered glutamate in relation to pain physiology difficult. In contrast, GABA levels, which may reflect neuronal activity more closely than glutamate, were lower in the insula of patients with fibromyalgia compared to pain-free individuals (Foerster et al. 2012) . Therefore, levels of Glu, Gln and GABA assessed with MRS may be particularly useful for assessing pain and monitoring treatment for pain.
Technical issues and future directions
To apply MRS as a routine clinical tool to assess neuroinflammation and possibly neuropathic pain, several technical issues need to be considered. First, it is apparent from the studies discussed above that none of the major brain metabolites can be assumed to be normal in these neuroinflammatory disorders. Consequently, interpretation of metabolite ratios (e.g., using tCr or Cho as a reference) will be difficult, since an altered metabolite ratio may be due to an altered concentration of the numerator or denominator metabolite, or both. Employing optimized methods to measure metabolite concentrations is necessary to determine the actual neurometabolite alterations in a given patient. This can be achieved using a variety of techniques, for instance, by relating metabolite signals to that of the water (the tissue water concentration appears to be more stable than metabolite concentrations in major brain diseases).
Second, using MRS as a routine clinical tool would require that the metabolite measurements are stable over time, and can be compared across sites and scanners. Stability of metabolite measures over extended time periods (months to years) can be achieved on most modern MR scanners, at least during periods without major scanner or software upgrades. Likewise, metabolite results are fairly reproducible (at the 10 % level) across studies and subjects on a given scanner. However, for routine clinical use of spectroscopy, metabolite concentrations would need to be comparable across scanner platforms, i.e., independent of the manufacturer or field strength, similar to other clinical laboratory tests that are comparable across laboratories. Achieving this for MR spectroscopy would require a level of standardization and sophistication that currently is not available in the clinical setting. In fact, even carefully designed multi-center MRS research studies commonly find inter-site biases in metabolite levels that need to be corrected statistically to perform valid group comparisons. Finally, normative metabolite concentrations are dependent on important clinical variables, such as age and possibly gender, which vary from one patient to another. For instance, normal brain aging is associated with increased neuroinflammation, which in turn may lead to higher levels of glial metabolites (especially myo-inositol and tCr) in some regions. Therefore, metabolite concentrations in a given patient have to be compared to normative values from controls at the same age, same sex, and from the same brain region. For example, the metabolite level for a specific brain region for an individual may be expressed as a "z-score", i.e. number of standard deviations above or below a normative value that is corrected for age and sex. However, such normative curves are not generally available. Other interindividual differences that might affect the metabolite measurements include differences in partial volume effects from the proportions of gray and white matter, or the percentage of CSF in the volume of tissue measured. Corrections and standardization for these additional inter-subject differences between the metabolite measurements will require additional time and more optimized software that is not routinely available in the current clinical scanners.
Conclusion
MRS can provide useful non-invasive biomarkers for assessing neuroinflammation and neuropathic pain. Some technical issues still need to be optimized or standardized across various clinical scanners before MRS can be used routinely to assess neuroinflammatory disorders and neuropathic pain. However, recent studies of patients with various neuroinflammatory disorders suggest that elevated glial metabolites, such as myo-inositol and to a lesser degree tCr and Cho, can be detected in brain regions that are expected to show activation of microglia and astrocytes, while decreased neuronal metabolites, especially glutamate and later NAA, also may reflect additional neuronal and glial dysfunction. Since decreased intracellular glutamate may result from activated glial cells, which have decreased transporter function for reuptake of the released extracellular glutamate, decreased glutamate on MRS may be a sensitive early marker for brain injury and may reflect neuroinflammation.
Because MRS is non-invasive, it can be performed repeatedly to monitor treatment effects. The many MRS studies performed over the years in the various neuroinflammatory brain disorders have provided new insights into the pathophysiology of these disorders. A common pattern is that neuroinflammation typically occurs early in the course of these brain disorders. With progression and chronicity of the neuroinflammation and glial activation, neuronal injury starting with lower glutamate followed later by lower NAA may contribute to cognitive and behavioral symptoms in these patients.
